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M eningioMas are the most common primary central nervous tumors in adults, comprising more than a third of all brain tumors. Most are WHO grade I, while 15%-20% are considered high grade (WHO grade II or III). While grade I meningiomas largely express an indolent course, high-grade meningiomas are associated with poor prognoses: 10-year overall survival (OS) ranges from 53%-79% for patients with WHO grade II lesions to 14%-34% for those with grade III tumors. Patients with meningioma refractory to conventional surgery or radiation have limited pharmacotherapeutic options. 72 Clinical trials for meningioma are challenged not only by a dearth of targets, but also by several qualities of the tumor's growth pattern and epidemiology. First, the relatively indolent nature of WHO grade I meningiomas and the wide variability in the natural history of grade II meningiomas challenge our ability to define consistent outcome measures within a reasonable time frame. The amount of time necessary to reflect true disease control or progression may exceed that budgeted for a typical clinical trial. Second, the relative efficacy of surgery and adjuvant radiation for meningiomas constrains the burden of progressive meningiomas, especially WHO grade I subtypes, which might be studied in clinical trials. These constraints have frequently prompted the accrual of tumors of different grades and with prior treatments into the same trial to allow sufficient power for the end points, which may then confound the interpretation of results.
Additionally, approaches for measuring meningioma growth vary across studies of tumor progression, with some investigators utilizing maximum diameter; others, maximum area; and still others, three-dimensional volumetric analysis. The lack of consistent clinical end points across studies has limited comparisons between trials and raised calls for standardization of trial techniques.
Medical management of meningioma has continued to evolve in the last 2 decades, mirroring the expansion of therapeutic strategies in human cancers. Studies of nonspecific agents have given way to trials that leverage our understanding of specific molecular alterations and the immune environment. These discoveries have motivated trials of novel molecular inhibitors and immunotherapies.
In the present review, we summarize the medical management strategies studied for meningioma to date and avenues for future therapeutic development in light of biological insights.
Cytotoxic Chemotherapy
Cytotoxic chemotherapy has generally been reserved for meningiomas refractory to both surgery and radiotherapy (Table 1) . A cyclophosphamide, doxorubicin, and vincristine regimen for anaplastic meningioma had modest results despite severe toxicities, with the majority of recipients displaying a stable radiological response and median OS of 5.3 years. 9 Irinotecan, a topoisomerase I inhibitor, and temozolomide, a DNA alkylator, resulted in 6% and 0% progression-free survival (PFS) at 6 months (PFS6), respectively, for refractory WHO grade I meningioma in phase II trials. 14, 15 Hydroxyurea, a ribonucleotide reductase inhibitor, offered initial promise in a small case series in which a positive radiographic response was demonstrated in 3 of 4 recurrent meningioma patients who had received the drug. 64 Further retrospective and prospective studies of hydroxyurea revealed that patients most commonly display a stable response, followed by progressive disease, and that median PFS on hydroxyurea ranges from 2 to 77 months depending on the study population. 10, 13, 29, 40, 48, 62, 74 Subsequent clinical trials that assessed the safety and efficacy of combination therapies that included hydroxyurea are discussed further in Combinatorial Pharmacological Therapies below.
Hormone-Directed Therapy
Meningioma has been associated with the dysregulation of a number of hormonal axes. Hormone exposure has been implicated in the development of meningioma as evidenced by a female preponderance among patients, tumor growth during pregnancy, and the risk reduction seen in menopause and after oophorectomy.
Tamoxifen, an anti-estrogen agent, did not demonstrate efficacy in two phase II trials, with the majority of patients developing progressive disease. 23, 47 In contrast, the anti-progesterone agent mifepristone was associated with modest positive responses in a minority of patients in several retrospective and prospective single-arm trials. 25, 26 These results motivated a phase III randomized controlled trial assessing the impact of mifepristone on OS and PFS in progressive or recurrent meningioma. 33 While no statistical differences were found between the two treatment arms, the low patient enrollment prevented stratification by tumor grade. Moreover, meningiomas of different grades may differentially express sex hormone receptors and may have obscured potentially salient results from this trial.
Meningiomas demonstrate activation of the growth hormone (GH)/insulin-like growth factor 1 (IGF-1) axis. The GH/IGF-1 axis is endogenously inhibited by somatostatin, motivating the study of somatostatin analogs in trials. Meningiomas preferentially express somatostatin receptor type 2 (SST2), which can bind the hormone octreotide to decrease cell proliferation. 24 Response to octreotide is correlated to high SST and Merlin levels in vitro. 24 An initial retrospective analysis on the efficacy of the somatostatin analog octreotide as therapy for 3 refractory meningioma cases suggested its potential to maintain stable disease. 19 Additionally, a retrospective study of octreotide in 8 progressive WHO grade I meningiomas demonstrated 100% PFS at 48 months. 65 However, other phase II trials that recruited higher proportions of patients with grade II-III meningiomas demonstrated a median PFS ranging from 4 to 5 months. 34, 68 A phase II trial of pasireotide, another somatostatin analog formulation, showed possible therapeutic benefit in high-grade meningioma. 55 Notably, patients with high-grade meningioma, all of whom had undergone prior surgery and radiotherapy and most of whom had received chemotherapy, had a median OS of 2.0 years. Radiolabeled [DOTA 0 ,Tyr 3 ]-octreotide (DOTATOC) therapy, which targets somatostatin receptors, was tested in a phase II trial and demonstrated stable disease in a majority of progressive meningioma cases and a mean OS of 8.6 years from the initiation of treatment; however, the tumor grade distribution was not reported in this study. 
Non-Hormonal Targeted Therapies
The molecular specificity of targeted therapies differentiates them from traditional chemotherapy in providing precise attacks on protein targets. Current therapies act on a range of cellular receptors, signal transduction molecules, cell cycle regulators, and other vital molecules that were initially identified by aberrant protein expression. Targeted therapy for meningioma will necessitate foundational knowledge of these interrelated mechanisms. Antagonists of these pathways have been trialed in meningioma and are discussed below (Table 2) .
Vascular Endothelial Growth Factor
Aberrant angiogenesis is a shared characteristic and therapeutic target in many cancers. Vascular endothelial growth factor (VEGF) is a potent activator of angiogenesis with expression levels that correlate with meningioma grade. 43 It is also associated with phenotypic characteristics including peritumoral edema and necrosis. 22, 43 Vascular endothelial growth factor signaling further cross-talks with platelet-derived growth factor (PDGF) signaling, another process that has been explored in the treatment of refractory meningiomas, as discussed below. 45 Targeted anti-angiogenic therapy is a promising avenue for meningioma because of robust pharmaceutical development and VEGF expression in meningioma. In two recent retrospective case series, bevacizumab, a monoclonal antibody against VEGF-A, has shown efficacy in maintaining stable disease in meningiomas refractive to multiple treatment modalities. 45, 52 In one of these studies, bevacizumab led to a median PFS of 17.9 months and PFS6 of 85.7% among 14 patients with WHO grade I-III meningiomas. 45 A retrospective review of bevacizumab for NF2-associated vestibular schwannomas and meningiomas revealed a radiographic response, defined as at least 20% volumetric shrinkage, in 29% of the meningiomas for a median duration of 3.7 months. 56 These responses were generally short-lived, however, as median PFS was 15 months.
Platelet-Derived Growth Factor
Models of meningioma highlight the important role of PDGF in tumor development and transformation. Antibodies against PDGF variants inhibit meningioma growth in vitro, and the induction of PDGFb expression in mouse arachnoid is sufficient to generate meningioma. 58, 69 The expression level of certain PDGF and PDGF receptor (PDGFR) subtypes correlates with tumor grade. 75 The PDGFR inhibitor regorafenib has shown increased survival in in vivo testing using an orthotopic mouse model. 70 Imatinib mesylate inhibits PDGFR as well as c-Kit and c-Abl, rendering the drug a potential treatment for refractory meningioma. A phase II trial testing imatinib showed modest results, however, with more cases demonstrating radiological progression rather than stable disease. 73 A retrospective case series of tumors with positive immunohistological staining for PDGFR demonstrated a median PFS and PFS6 of 16 months and 66.7%, respectively.
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Sunitinib is a multi-targeted receptor tyrosine kinase inhibitor with activity against the receptors for both VEGF and PDGF and reduces meningioma cell DNA synthesis, viability, and migration in vitro. 3 A phase II trial of sunitinib for high-grade meningioma refractory to surgery and radiotherapy yielded a median PFS of 5.2 months and median OS of 25 months. 38 Of interest, a case report on sunitinib for a recurrent, rapidly growing WHO grade II skull base meningioma documented a marked reduction of tumor volume that caused cerebrospinal fluid leakage.
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Vatalanib is another multi-targeted receptor tyrosine kinase inhibitor that has exhibited modest therapeutic efficacy in a phase II trial for refractory meningioma; grade II cases in the trial had a 7-month median PFS and 26-month median OS. 60 
Epidermal Growth Factor
Epidermal growth factor (EGF) and the EGF receptor (EGFR) represent other therapeutic targets. Higher expression levels are associated with benign meningiomas. 51 A phase II trial of erlotinib or gefitinib, two targeted EGFR inhibitors, for recurrent meningioma demonstrated a median PFS of 10 weeks and PFS6 of 28%. 63 The limited efficacy of EGFR inhibitors may be partially explained by differing EGFR expression levels of the trial participants.
Other Pathways
Other pathways involved in cellular growth, cell cycle regulation, transcriptional regulation, and apoptosis have been implicated in meningioma tumorigenesis and growth. Tumor growth factor (TGF) a expression is associated with recurrence and is negatively associated with survival. 44 Expression of TGFb increases activity of the SMAD signaling pathway. 35 In addition, the expression of TGFb receptor III is associated with higher-grade meningioma.
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Cyclins and cyclin-dependent kinases (CDKs) regulate cell cycle progression and contribute to the hallmark overproliferation associated with cancer. Cyclin D1 expression is associated with an increased tumor grade and recurrence in meningioma. 16 A screen for compounds to identify in vitro tumor growth inhibitors identified silvestrol as an inhibitor that putatively acts through cyclin downregulation that induces G2/M cell cycle arrest. 57 Histone deacetylase (HDAC) inhibitors exert cytostatic effects on replicating cells by hyper-acetylating DNA. The HDAC inhibitor AR-42 induces meningioma apoptosis in vitro. 8 It has also caused tumor regression in a xenograft mouse model of meningioma. 8 A truncated form of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) that cannot initiate apoptotic signaling is correlated with meningioma grade.
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Molecularly Targeted Therapies From Genomic Analyses
Next-generation sequencing technology has yielded insights into potential oncogenic drivers of meningioma. Identified mutations include AKT1, SMO, KLF4, TRAF7, PIK3CA, SUFU, BAP1, SMARCB1/E, POL2RA, and others, in addition to the well-characterized NF2.
1,7, 17,66
Screening tumors prior to adjuvant therapy may improve the tailoring of individual regimens and trial stratification. BAP1 mutations highlight additional benefits of genomic screening, including those for possible syndromic patients.
PI3K/AKT/mTOR Pathway
The phosphoinositol-3 kinase (PI3K) pathway transduces growth factor signals and is upregulated in many cancers. Activation of PI3K leads to the phosphorylation and activation of alpha serine/threonine-protein kinase (AKT), which directly activates mammalian target of rapamycin (mTOR). AKT1 and PI3KCA mutations were identified in 9% and 7% of meningiomas, respectively, which are largely WHO grade I tumors.
1,28,50 AKT1-mutant meningiomas demonstrate a proclivity for the anterior fossa skull base (19%).
AKT1 mutations, observed nearly exclusively in non-NF2 altered tumors, have generated particular excitement due to the presence of inhibitors currently in clinical trial. A case of metastatic, highly refractory meningioma that demonstrated ex vivo AKT inhibitor sensitivity had stable disease up to 1 year after initiating AKT inhibitor therapy with AZD5363. 71 The role of AKT1 inhibition in the treatment of recurrent or progressive meningioma is currently in clinical trial (see below).
SMO
Mutations in SMO have been detected in about 6% of non-NF2 altered meningiomas, with the majority of SMOaltered tumors found at the skull base, particularly at the olfactory groove. 6, 17 Up to 28% of olfactory groove meningiomas harbor SMO mutations, and this molecular signature may also portend a poorer prognosis among WHO grade I olfactory groove tumors. 6 A phase II trial is underway to explore the efficacy of SMO inhibition in recurrent or progressive meningioma.
BAP1
Breast cancer type 1 susceptibility protein (BRCA1)-associated protein-1 (BAP1) is a tumor suppressor that acts via deubiquitinase activity on nucleosomes, and BAP1 inactivating mutations have been identified in meningiomas with rhabdoid morphology.
66 BAP1-mutant meningiomas have been found to be at least WHO grade II and clinically aggressive. The presence of BAP1 mutations confers an elevated risk for multiple types of cancer, so knowledge of their expression could modify an individual's tumor screening and surveillance. Enhancer of zeste homolog 2 (EZH2) inhibitors and their homologs have demonstrated in vitro inhibition of BAP1-mutant mesotheliomas, which have elevated EZH2 mRNA levels. The EZH2 inhibitor tazemetostat is currently undergoing clinical trial in BAP1-deficient relapsed or refractory malignant mesothelioma (NCT02860286, http://www.clinicaltrials.gov). Enhancer of zeste homolog 2 is similarly upregulated in high-grade meningioma and may present an opportunity for targeted inhibition.
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Immunotherapy
Immunotherapy in refractory meningioma dates to initial experiences with interferon (IFN)-a after it was shown to reduce meningioma growth by 70%-100% in vitro. 41 A phase II pilot study testing IFN-a on 6 recurrent meningioma cases showed a positive response to treatment with stable disease or a slight regression. 37 Another phase II trial on 35 WHO grade I meningiomas refractory to surgery, radiation, and chemotherapy demonstrated a favorable median PFS of 7 months and PFS6 of 54%. 12 A similar trial on high-grade meningiomas demonstrated a median PFS of only 3 months and PFS6 of 17%.
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Despite these initially grim results, several lines of evidence support a role for immunotherapy in meningioma. 5 First, these tumors recruit immune populations, especially monocytes and cytotoxic T cells, with higher concentrations of macrophages in higher-grade tumors. 27 Second, half of the mutations found in meningioma are predicted to be neo-antigenic with a higher number observed in high-grade tumors. 4 Third, meningiomas exist outside the blood-brain barrier and may be modulated by the systemic immune response. Fourth, and most salient for therapeutics, high-grade meningiomas with higher expressions of the immune checkpoint markers programmed cell death protein 1 (PD-1) and PD-1 ligand (PD-L1) are associated with worse survival, independent of tumor grade, extent of resection, and prior recurrence. 30 Programmed cell death protein 1 is a cell surface receptor on T cells and binds PD-L1 on antigen-presenting cells and tumors cells to inhibit T-cell activation. Antibodies directed against the PD-1/PD-L1 axis strengthen the immune response and have achieved objective responses in several cancers. Anaplastic meningioma cells highly express PD-L1, suggesting that anti-PD-1/PD-L1 inhibitors may offer clinical efficacy for these tumors.
A report of the PD-1 inhibitor nivolumab for lung cancer in a patient with concurrent meningioma demonstrated a 24% radiographic volume reduction in the meningioma. 20 Trials of nivolumab (NCT03173950, http://www. clinicaltrials.gov) and another PD-1 inhibitor, pembrolizumab (NCT03279692, http://www.clinicaltrials.gov), for meningioma are currently recruiting participants.
Combinatorial Pharmacological Therapies
Targeted therapies have great potential in personalized medicine by allowing each patient's mutagenic profile to guide their treatment. An inherent limitation to this paradigm is the "one mutation, one drug" assumption. Intratumoral genomic heterogeneity renders subpopulations of tumor cells immune to therapies targeted to alterations found in neighboring cell populations, resulting in the subsequent outgrowth of these resistant clones. Combinatorial therapies mitigate this problem by targeting multiple pathways simultaneously. The intratumoral genomic heterogeneity observed in recurrent meningioma underlies the need for therapeutic approaches that efficaciously target different subpopulations.
Authors of recent studies have examined the safety and efficacy of combinatorial therapy in meningioma with promising results. In a phase II trial of hydroxyurea and imatinib for patients with progressive or recurrent meningioma, the majority of cases demonstrated stable disease, though no cases showed a positive radiological response. 61 The combination was well tolerated and PFS6 for all cases was 61.9%. A randomized phase II trial testing the same combinatorial therapy was prematurely concluded because of slow enrollment, although all patients who enrolled demonstrated stable disease. 49 A phase I/II trial of hydroxyurea and verapamil, a calcium-channel antagonist that enhances hydroxyurea's cytostatic effect in in vitro and in vivo models of meningioma, demonstrated side effects in 86% of patients and a median PFS and PFS6 of 8 months and 85%, respectively, in refractory meningioma.
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Current Trials
Currently, there are 8 active, enrolling trials assessing novel medical strategies for meningioma, focusing on cytotoxic chemotherapy, targeted therapy, combinatorial therapy, and immunotherapy (Table 3) . These include phase 0 trials of AR-42 (NCT02282917) and the mTOR inhibitor everolimus (NCT01880749, not recruiting). AR-42 will gauge the efficacy of epigenomic manipulation in meningioma treatment, while everolimus will target the mTOR pathway, which has been shown to be overactive in some meningiomas. Currently enrolling phase II trials include the cyclin/CDK inhibitor ribociclib (NCT02933736); the hedgehog pathway inhibitor vismodegib and the focal adhesion kinase inhibitor GSK2256098 (NCT02523014); the MEK1 inhibitor selumetinib (NCT03095248); the PD-1 Prior trials have demonstrated that no individual agent or class of agents is likely to produce a favorable response in all recurrent and progressive meningiomas. Rather, different therapeutics will probably be more efficacious for certain tumors depending on the genomic makeup of the tumor and the local immune microenvironment among other factors. The enrolling trials on ribociclib, vismodegib, and selumetinib incorporate genomic data for inclusion criteria, which may provide guidance in predicting biological subsets of meningiomas that will respond favorably.
Future Directions
Expanding knowledge of meningioma biology is powering the development of novel therapeutics to challenge this disease. Genomics and epigenetic signatures may also improve prognostication and trial stratification. Evolving quantitative radiomic characterizations of meningioma may provide additional tumor stratification tools and upfront prediction of tumor behavior on initial diagnosis. Finally, acknowledging the cellular heterogeneity of meningioma conferred by cancer stem cells provides a parallel avenue for therapeutic discoveries in multidrug-resistant meningioma.
Conclusions
Few options exist to medically manage refractory and progressive cases of meningioma. Advances in molecular biology and genomics have led to the development of novel molecular inhibitors that can target aberrantly expressed oncogenic and immunomodulatory molecules. Emerging trials for meningioma are beginning to integrate genomic inclusion criteria, with hope to refine future clinical outcomes within the precision medicine paradigm. 
